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A bstract— The processing strategy fo r  the effective separation o f  
bitum en fro m  low grade (  < 10  weight percen t bitumen) Utah 
tar sands by a hot water process differs significantly from  that 
used fo r  the processing o f  high grade ( > 1 0  weight percen t 
bitumen) Utah tar sands. Excellent separations (coefficient o f  
separation = 0.9) can be achieved fo r  high grade Utah tar sands 
by intense hot w ater digestion fo llow ed  by a m odified fro th  
flotation  step. Such a technique is ineffective fo r  low grade tar 
sands.
In order to change the characteristics o f  the low grade tar 
sand an a ttem pt was made to enrich the bitumen content o f the 
f e e d  to greater than 10 weight percent by recycle o f  bitumen  
concentrate to the digestion stage. However, the quality o f  the 
separation  was n o t im proved  under these circum stances. 
Similarly fe e d  enrichment by heat treating the low grade fe e d  
with recycled concentrate prior to digestion did not improve the 
separation.
More successful separations o f low grade Utah tar sands were 
finally achieved by modification o f the viscosity o f  the low grade 
bitumen with controlled addition o f  diluent. These results o f  the 
hot w ater separa tion  tests and variations in the quality  o f  
separation are interpreted in terms o f  the physical properties o f  
the bitum en and the surface bonding forces operative at the 
bitumen-sand interface.
Introduction
The dramatic projection for energy demand in the future has 
accelerated the renewed interest in energy sources other than 
petroleum; such as coal, oil shale, and tar sands. Although 
much attention in the US is being directed toward the ex­
ploitation of coal and oil shale resources, unfortunately, only a 
modest research effort has been initiated for the development of 
tar sand resources. At the University of Utah fundamental and 
processing studies for the recovery, upgrading and charac­
terization of bitumens from Utah tar sands are in progress. The 
studies (Oblad, et al., 1976; Sepulveda, Miller, and Oblad, 
1977; Sepulveda and Miller, 1978) have identified some of the 
unique properties of Utah tar sailds and in this paper particular 
attention is focused on the effect of feed source in the hot water 
processing of Utah tar sands.
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Tar sand is typically dark  brown to black in appearance, a 
consolidated m ixture of bitum en and sand. T he existence of ta r 
sand and i t ' s utilization by m ankind goes back to the beginning 
of recorded history. In ancient tim e it was called "pitch '' and 
used extensively for the construction of boats and as a cement 
for building m ateria l. In  Europe during  the N apoleonic era, 
rock asphalt was used as a paving m aterial for road construc­
tion. Late in the 18th century the Cree Indians, from the n o rth ­
eastern reg ion  of th e  prov ince  o f A lb e rta , recognized  the 
utility of this sticky m aterial and  used the b itum en to w aterproof 
their canoes (Cam p, 1974). In  1890 the C anadian government 
began to take an interest in these A thabasca ta r  sand deposits 
and supported the study of these reserves. Since then, the u n ­
tiring perseverance and  ingenuity of great entrepreneurs finally 
resulted in  th e  developm ent o f a fu ll scale p la n t by G reat 
C anadian O il S and  L td . (G COS) in  1967, w hich cu rren tly  
produces 9500 m V d  (60,000 bbls per continuous day-bpcd) of 
synthetic crude (McConville, 1975).
T ar sand deposits are found throughout the world with the 
exception of Australia and  A ntarctica. T he location and size of 
the larger deposits are sum m arized in  T able 1 (W alters, 1974). 
About 95%  o f the  m ap p ed  ta r  sand  resources o f th e  US are 
located in U tah am ounting to 4 billion m^ (25 billion bbls) of in ­
place b itum en  (R itzm a, 1978). O f the 51 deposits a long the 
eastern side of the state, six deposits are o f sufficient size to be of 
commercial significance. T he am ount of in-place b itum en for 
each of these six deposits is given in  T able 2 and their location 
can be seen from  th e  m ap  p resen ted  in  Fig. 1. Also, th e  
estimated average b itum en content of some of these deposits is 
presented in T able 2. These estim ations emphasize the fact tha t 
the b itum en  co n ten t varies from  deposit to  deposit and  
significant v a ria tio n  is fo u n d  even w ith in  a given deposit. 
Although m any occurrences of b itum en  sa turation , up to 17 
weight percen t, can  be found  in the U tah  ta r  sand  deposits 
(e.g., Asphalt Ridge and  P .R . Spring), current inform ation in ­
cluded in T ab le  2 indicates th a t the overall average b itum en 
content for U tah reserves may be from 5% to 10% by weight.
Low Temperature Separation Technology
There are several low tem perature  processing strategies tha t 
can be used for the recovery of bitum en from m ined ta r  sand. 
These separation m ethods are:
•  Solvent — only
•  Solvent — assisted water
•  W ater — only
Solvent-only processes were probably the first m ethods used to 
remove bitum en from sand and  the principle is fairly straigh t­
forward. V irtua lly  any h y d ro ca rb o n  solvent will rem ove 
bitumen from oil-im pregnated rock (Cottrell, 1974). A lthough 
simple in principle, solvent techniques present several disadvan­
tages. First, a large am ount of solvent is required  to completely 
dissolve the b itum en  and  the large volum e of recycled solvent 
necessitates the construction  of larger reactors. Secondly, the 
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tion  on  th e  san d  has an  adverse effect on th e  cost o f the 
op era tio n . These fea tu res m ake the  solvent process strategy 
unattractive. As a result, comm ercial utilization of this process 
has not been successful.
Solvent-assisted w ater processes along with solvent processes 
have received most of the attention  by investigators as recently 
reviewed in the literature (Lowe, 1975). These processes usually 
have fea tu res  sim ilar to  th e  ho t w ater process. A gain  the 
economics of this process depend on the am ount of solvent used 
and  an tic ipated  solvent loss. Most processes of this type have 
only been applied on a laboratory scale. One exception is the 
process developed by Mines Branch of the C anadian  D epart­
m ent of Mines and  Technical Surveys which uses a com bination 
of cold water and  solvent (Djingheuzian, 1951).
N um erous w ater-only  processes have been  proposed. T he 
"Sand R eduction  Process" developed by Im peria l Oil E n te r­
prises L td . uses cold w ater only (Bichard, et al., 1974). A novel 
oleophilic sieve process developed by Kruyer (1978) is claim ed to 
be m ore efficient in terms of b itum en recovery and conserves on 
w ater and energy. T he original hot water process was described 
fo r th e  A th ab asca  ta r  sands by C lark  (1923) and  m odified  
thereafter by Clark and Pasternack, 1932; Clark, 1944; and In-
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Source: McConville (1975); Porteous (1978)
nes and  Fear, 1967). Currently, this is being used on a com m er­
cial scale by G CO S. T h e  basic co ncep t o f  th e  process is 
described by C am p (1974). T he m ined ta r  sand is placed in a 
conventional tu m b lin g  m ill, in to  w hich steam , w ater an d  a 
caustic wetting agent are added. T he resulting strong hydration 
forces acting at the surface of the sand particles give rise to  the 
displacem ent o f the bitum en into the aqueous phase. Once the 
bitum en has been displaced, it is recovered in  a settler for phase 
separation.
Research and  developm ent on ta r  sand processing has been 
lim ited largely to the C anadian  ta r  sand deposits and a num ber 
of companies p lan  to build  processing plants. T he existing and 
proposed com m ercial ventures along w ith the ir p lan t size and  
start-up  date  are presented in  T able 3.
Hot Water Processing of Utah Tar Sand
A lthough similar in principle, the separation strategies in the 
processing of A thabasca and  U tah ta r  sands are distinctly d if­
ferent (Sepulveda and Miller, 1978; US Patent, 1978). Because 
o f the higher viscosity of U tah ta r  sand samples a high shear, 
stirred tank  reactor is used for digestion of U tah ta r  sand sam ­
ples. In  addition  a  w etting agent is used to assist the phase 
d isengagem ent process. W hile excellent separations were o b ­
tained for two high grade U tah ta r  sand samples (Asphalt Ridge 
and  P .R . Spring), hot w ater separation tests of low grade U tah 
ta r  sand samples (Sunnyside and  T ar Sand Triangle) were not 
encouraging (Sepulveda and  M iller, 1978). It was postu lated  
th a t there m ust be a critical b itum en to sand ratio  for successful 
separation of b itum en from sand by the hot w ater process. This 
hypothesis was based on the difference in  behavior of the ta r  
sand samples and  the difference in  appearance as revealed by 
SEM pho tog raphs. H igh g rade  10 w eight p ercen t b itum en  
exhibit a thick bitum inous film surrounding the individual sand 
particles. It was suggested th a t under these circumstances, shear 
forces could be transferred  to the sand-bitum en interface where 
fa ilu re  w ou ld  o ccu r, fa c i l i ta t in g  th e  a d v an cem en t o f th e  
aqueous solution and disengagem ent of the bitum en from  the 
sand particle. O n the o ther hand , the Sunnyside sam ple, with 
less th an  10 weight percent bitum en, consists of sand particles 
bound to each o ther w ith a non-continuous b itum en film tha t 
does no t com pletely fill the  interstices. In such cases, it was 
suggested th a t th e  shear force cannot be transferred  to  the 
bitum en-sand interface and  as a result these samples from the 
Sunnyside deposit do not seem to be suitable feed m aterial for 
th e  ho t w ater separation  process. In  o ther words, th e  th ick  
b itum en film in the case of the rich samples prevents the sand 
grains from chemically bonding together in  the rock form ing 
process, whereas in  the case of the low grade samples, less than  
10 weight percent bitum en, sand grains are attached  by stronger 
chemical bonds which result during rock form ation accounting 
for the ineffective separation  th a t has been reported  in  the 
literature (Sepulveda and  Miller, 1978).
Besides the technical lim itation, a low feed grade also limits 
the processing for econom ic reasons. Nevertheless, in  view of 
this critical m om ent in m a n ' s quest for energy it is unreasonable 
to lim it the  cu to ff feed g rade  for ho t w ater processing a t 10
weight percent b itum en. Moreover, as can  be seen from Table 
2, it is estim ated  th a t m ore th a n  76%  of the  to ta l ta r  sand 
deposits in  U tah  contain less th an  10 weight percent bitumen 
T h ere fo re , these  la rg e  deposits a re  c e rta in ly  a significant 
resource fo r several gen e ra tio n s to  com e. In  o rd e r to fully 
develop the po ten tia l o f these low grade deposits a systematic 
study o f th e  physical and  chem ical properties of a low grade 
Sunnyside ta r  sand sam ple was in itiated  w ith the explicit objec­
tive to  establish an effective processing strategy for low grade 
feed m aterial and  delineate the differences between the nature 
o f low g rad e  deposits and  the  n a tu re  o f previously studied 
(Sepulveda and  Miller, 1978) samples from  high grade deposits
Experimental Procedure
T a r  sand sam ples from  four d ifferent U tah  deposits: Sun­
nyside, A sphalt R idge, P .R . Spring, and  T a r  Sand Triangle 
were used in this investigation. W ith the exception of the P.R 
Spring sample, all others were surface samples. The majority of 
the experim ents focused on the behavior of the Sunnyside sam­
ple. Unlike the p reparation  of the A sphalt Ridge sample, size 
reduction of the Sunnyside sample was accomplished by conven­
tional crushing and  grinding techniques after freezing in liquid 
n itro g en . T h e  T a r  Sand T rian g le  sam ple, w ith  le?s than 6 
weight percent b itum en was easily ground to -4 mesh in conven­
tional size reduction  equ ipm en t w ithout cryogenic ti eatment. 
High grade samples with greater than  10 weight percent bitumen 
(Asphalt Ridge and  P .R . Spring) can only be reduced in size to 
a  lim ited extent, -9.5 m m  (-3/8  in .) by extrusion with a modi­
fied m eat grinder.
A fter size reduction all ta r  sand samples were kept in airtight 
po lyethy lene bags u n til used in  o rd e r  to  e lim inate  possible 
oxidation effects on the subsequent separation experiments.
H o t W ater Separation T est—As discussed earlier, due to the 
high viscosity of U tah ta r  sands, a high shear, stirred t ank reac­
to r was selected for digestion of the ta r  sand sample and wetting 
agents were added to assist the phase displacem ent disengage­
m en t process. Unless otherwise m entioned, sodium carbonate
Fig. 2—Modified hot water process for the separation of bitu­
men from low grade Utah tar sands.
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was used as the wetting agent. The one gallon stirred tank reac­
tor was obtained from Bench Scale Equipment Co. Essential 
parts of the reactor are an impeller, (two pitched blade tur­
bines, 102 mm or 4 in.-diam), torquemeter, reflux condenser, 
temperature controller, heating system, SCR speed controller 
and tachometer. Inside the reactor the feed material was con­
tacted with a mixture of the hot aqueous solution of soda ash and 
diluent and stirred at constant temperature (95 °C) and speed 
(750 rpm) for a specified digestion time. Diluents were added at 
a specified volume ratio based on the feed bitumen content.
At the end of digestion, ideally, the bitumen has been 
displaced from the sand and can be separated from the sand by 
a modified flotation technique. Constant air flow rate and 
moderate stirring speed were maintained during flotation. 
Neither frother nor collector was added to the flotation cell. 
During flotation relatively large lumps of nonflotable sand- 
bitumen aggregates (middlings) were found with the tailing. This 
middling was recovered from the tailing by screening at 20 
mesh. ITie grade of the middling was sufficiently high to be 
recycled. A schematic representation of the processing strategy 
used in the hot water separation technique is presented in Fig.
2.
Analytical Technique—Representative samples of feed, con­
centrate, middling and tailing obtained during experimentation 
were analyzed to establish their composition with respect to 
bitumen, sand and water, using a set of Dean and Stark tube 
assemblies. The assemblies were set up in accordance with the 
procedure described by the USBM. The specially designed flask 
and operational details have been described by previous in­
vestigators (Sepulveda and Miller, 1978).
Bitumen Viscosity Measurements—The bitumen viscosity of 
the tar sand samples is of great importance from a processing 
standpoint. Samples of pure bitumen were prepared from feed 
sources by using a carefully controlled procedure, because the 
method of preparation has a significant effect on viscosity 
measurements. In this regard, bitumen from Asphalt Ridge, 
P.R. Spring, Sunnyside, and Tar Sand Triangle samples were 
prepared under identical conditions. Preparation of bitumen 
for viscosity experiments was effected by Soxhlet extraction 
using benzene as solvent and a glass extraction thimble of 
porosity ’A ' to hold the tar sand sample. After complete extrac­
tion, the benzene extract was filtered slowly using a 4.0-5.4 fan 
fritted glass filter. Removal of the solvent from the bitumen was 
effected by flash distillation using a rotary evaporator at 90°C 
and 533.3 Pa (4 mm Hg) pressure.
The viscosities of the four different bitumens were deter­
mined with a rotational viscometer, Rotovisco. The sample was 
introduced in the gap between a stationary cylindrical cup and a
RATE OF SHEAR , see"’
Pig. 3—Flow curves for Sunnyside bitumen, at various 
temperatures.
coaxial rotating cylinder which was turned at a specified 
angular velocity. The instrument is equipped with an electrical 
torsion dynamometer to measure the torque required to main­
tain the specified angular velocity. From these measurements 
the "flow curve" for the fluid can be established. The viscosity is 
then calculated from the slope of the flow curve at a given rate 
of shear.
Molecular Weight Determination—Average molecular 
weights of the same bitumen sample that had been used for 
viscosity measurements were determined by Vapor Pressure 
Osmometry in benzene using the Model 117 Molecular Weight 
Apparatus manufactured by Corona Electric Co., Japan.
Particle Size Analysis—From a processing standpoint, par­
ticle size distribution is an important property of the tar sand 
feed. The sand size distributions for Utah tar sand samples were 
determined by conventional wet/dry sieving techniques in the 
size range of 590 fan to 38 fim.
Results and Discussion
Tar Sand Properties—Some of the more important tar sand 
properties, with respect to the development and charac­
terization of hot water processing technology, are the bitumen 
viscosity, bitum en molecular weight and the particle size 
distribution of the sand.
Bitumen Viscosity. The rheological properties of a fluid are 
well described by the relationship between the shear stress ap­
plied to a fluid element and the rate at which the fluid element 
is deformed under the applied stress. The above relationship 
referred to as a flow curve, or rheology diagram, is a distinct 
characteristic of a fluid and is useful to describe the behavior of 
a fluid. This is particularly true in the case of bitumens because 
their complex structure may result in unpredictable rheological 
properties.
Flow curves for the Sunnyside bitumen sample are presented 
in Fig. 3 for various temperatures. The linear response in each 
case indicates that the Sunnyside bitumen sample exhibits 
Newtonian behavior over the range of applied shear rates. 
Bitumens from Asphalt Ridge and P.R. Spring also have been 
shown to exhibit Newtonian behavior (Sepulveda and Miller, 
1978), results which were confirmed in this present study. From 
a practical standpoint, it is important to note that the viscosity 
of the Sunnyside bitum en is approximately one order of 
magnitude greater than the viscosities of the P.R. Spring and 
Asphalt Ridge bitumens in the temperature range studied, as 
shown by the data presented in Fig. 4. Indeed this difference in 
viscosity undoubtedly accounts for the poor separation that had 
been reported previously (Sepulveda and Miller, 1978).
Furthermore, analysis of bitumen from a Tar Sand Triangle 
outcrop sample which appeared to be extensively weathered in­
dicated that the viscosity of this bitumen was even higher than 
the Sunnyside sample, so much so that measurements could not 
be made in the temperature range studied using the Rotovisco 
aparatus. It was estimated that the viscosity of the bitumen from 
the Tar Sand Triangle outcrop sample was significantly greater 
than the viscosity of the Sunnyside sample. This observation 
may explain why no separation was achieved in the processing of 
the Tar Sand Triangle sample. 1
Even though there is a significant difference in viscosity, all 
bitumen samples seem to obey the Arrhenius-type relationship 
with an apparent activation energy ranging from 98.8 kj/mole 
(23.6 Kcal/mole) in the case of Asphalt Ridge and P.R. Spring 
to 102.6 kj/mole (25.7 Kcal/mole) in the case of Sunnyside. 
These apparent activation energies are indicative of the fact 
that momentum transfer is accompanied by significant struc­
tural transformations.
Moreover, the method of preparation of the bitumen sample 
has a tremendous effect on its apparent viscosity. The viscosity
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Fig. 4—Arrhenius-type plot illustrating the effect of tempera­
ture on viscosity for bitumen from various Utah tar 
sand deposits.
of A sphalt Ridge b itum en previously reported  (Sepulveda and 
Miller, 1978) is contrasted w ith the viscosity of the bitum en from 
th e  A sp h a lt R idge sam p le  as d e te rm in e d  d u rin g  th is  in ­
vestigation in Fig. 5. T he significant difference between these 
viscosity m easurem ents is due to the difference in the procedure 
used to p rep a re  the  b itu m en  sam ple. T he  previous A sphalt 
R idge bitum en sam ple was not p repared under the controlled 
conditions th a t were used for b itum en sample p reparation  in 
this study. In  fact, the high viscosity of the A sphalt Ridge sam ­
ple reported  previously reflects the m ore severe therm al con­
d itio n s  a n d  a tm o sp h e ric  exposu re  ex p e rien ced  d u rin g  
p reparation .
A lthough these viscosities may no t be the true  viscosities of the 
v irg in  b itu m en  because of possible en tra in m en t o f benzene 
a n d /o r  loss of light ends, they are at the least representative of 
the bitum en character on a relative scale and  are of significant 
value for the analysis of the results from  hot water separation 
experiments.
M olecular Weight. W ith  the exception of the P .R . Spring 
b itum en , the b itum en  viscosities p resented  in Fig. 4 can be 
correlated with the num ber average m olecular weights of those 
sam ples presented  in T ab le  4. T he highly viscous T a r  Sand 
T riang le  sam ple exhibits the highest m olecular weight. T he 
difficulty in  achieving effective hot w ater separations for the T a r 
Sand Triangle and  Sunnyside samples together with the higher 
m o lecu la r w eights an d  h ig h er viscosities o f the  respective 
bitum ens suggest a different state of m olecular aggregation for 
these samples w ith stronger interm olecular bonds than  would be 
fo u n d  fo r th e  A sp h a lt R idge sam p le  w h ich  can  be easily  
separated and  whose bitum en has a viscosity which is significan­
tly less than  viscosities of the T a r  Sand T riangle and Sunnyside 
bitum ens.
It is prem ature at this point to speculate w hether bitum ens 
from  d iffe ren t deposits exh ib it d ifferences w ith respect to  a 
specific ad so rp tio n  p o te n tia l a t th e  sand  su rface . B onding
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Fig. 5—Arrhenius-type plot illustrating the effect of the bitu­
men preparation technique on the measured viscosity 
of Asphalt Ridge bitumen.
characteristics a t the sand-bitum en interface are currently un­
der investigation for the Sunnyside and A sphalt Ridge systems. 
It is anticipated th a t the results from this phase of the research 
will produce a be tter description of the natu re  of the bond and 
in te rfac ia l activity o f th e  respective b itum ens. Nevertheless, 
o th e r  bu lk  phase  p ro p ertie s  such as ta r  sand  composition, 
b itu m e n  viscosity , b itu m e n  m o lecu la r w eigh t and  SEM 
photographs (Sepulveda and Miller, 1978) of the tar sand sam­
ples already dem onstrate  significant differences between the 
various U tah ta r  sand deposits.
Sand Analysis. Partic le  size d is tribu tion  of the sand from 
various ta r sand samples is an im portant characteristic in the 
analysis of the hot w ater separation process. In  general, it would 
be expected th a t coarser sand distribution in the feed would be 
most desirable. Indeed, size classification has been shown to oc­
cur in the processing of the Asphalt Ridge sample (Sepulveda 
and  Miller, 1978). T he particle size distribution of four Utah tar 
sands are presented in Fig. 6. As can be seen, the Sunnyside 
sample contains m ore fine sand than  any of the other tar sand 
samples. Assuming a critical size of 100 fJm it can be seen that 
7.7%  of the sand in the Asphalt Ridge is finer than 100 ffln. 
W hereas, in the case of the Sunnyside sample, 25% of the sand 
is finer than  100 fJm. T he greater am ount o f fines in the sample 
feed stock would be expected to have a detrim ental influence on 
the bitum en-sand separation process.
Table 4—Average Molecular Weight of Utah Bitumens






Fig. 6—Particle size distribution of sand from four different 
Utah tar sand deposits. Sunnyside, P.R. Spring, Tar 
Sand Triangle and Asphalt Ridge.
The sand in the Sunnyside sample contains a-quartz along 
with calcite, dolomite and clay as determined by XRD analysis. 
The amount of clay present has not yet been established quan­
titatively. The sand in the Asphalt Ridge sample, however, con­
tains only a-quartz and no clay or carbonate mineral could be 
detected by XRD. The presence of the clay in the Sunnyside 
sample undoubtedly contributes to the finer size distribution of 
the sand.
Hot Water Process—Because of the significant difference in 
the physical and chemical properties of the low grade Sunnyside 
sample, as compared to the high grade Asphalt Ridge sample, 
effective separations of the Sunnyside sample were not realized 
(Sepulveda and Miller, 1978). Whereas a coefficient of 
separation of 0.9 could be achieved for the Asphalt Ridge sam­
ple, a coefficient of separation of only 0.55 could be achieved 
with the lower grade Sunnyside sample. This poor separation 
was attributed to discontinuity of the bitumen and subsequent 
failure within the bitumen phase rather than at the bitumen- 
sand interface (Sepulveda and Miller, 1978).
In this regard an attempt was made to enrich the bitumen 
content of the feed to greater than 10 weight percent by recycle 
of the bitum en concentrate to the digestion stage thus 
promoting bitumen phase continuity. However, the quality of 
the separation was not improved under these circumstances. 
Similarly feed enrichment accompanied by heat treatment of 
the low grade feed with recycled concentrate in a furnace at 
196°C prior to digestion did not improve the separation.
Results from this study have shown the viscosity of the Sun­
nyside bitumen is one order of magnitude greater than the 
viscosity of the Asphalt Ridge bitumen and suggest the poor 
separation of the Sunnyside sample may be related simply to the 
viscosity of the bitumen rather than to bitumen phase continuity 
as previously suggested (Sepulveda and Miller, 1978). If the high 
viscosity of the Sunnyside bitumen is responsible for the inferior 
quality of separation then it should be possible to improve the 
separation by reducing the bitumen viscosity with the addition 
of a diluent. In this regard, a controlled solvent-assisted hot 
water process was developed. Presumably, the diluent dissolves 
into the bitumen and reduces its viscosity, such that with the 
aide of a high shear, stirred tank reactor phase disengagement 
should be improved.
Effect o f Soda Ash. It was established by Sepulveda and 
Miller (1978) that wetting agent addition is a critical factor for 
the success of the hot water process. Therefore, the coefficient 
°f separation for the Sunnyside sample was determined as a func­
tion of sodium carbonate concentration with and without 
diluent addition as shown in Fig. 7. The coefficient of 
separation provides a unique "one parameter’ description of 
the efficiency, or quality, of the separation process. It is defined 
as the fraction of the feed material which undergoes a perfect 
separation (Schulz, 1970). The coefficient of separation can be 
expressed in terms of recovery and for a binary system can be 
shown to be equal to the difference between the recovery of the 
bitumen and the recovery of sand in the same concentrate. It 
can be realized from Fig. 7 that diluent addition has increased 
the coefficient of separation significantly and that the best 
separation can be achieved at about 0.2 M sodium carbonate 
addition for a diluent to bitumen volume ratio of 0.2. Low wet­
ting agent additions <0.1 M, produce a sticky concentrate and 
much of the bitumen is lost in the tailing product. At higher ad­
ditions of sodium carbonate in the presence of diluent, the ef­
fectiveness of the separation is impaired apparently due to a 
tendency of the system towards emulsification.
In these experiments with the addition of a diluent, about 
95% of the bitumen in the feed material was recovered in the 
concentrate and 72% of the sand was rejected in the tailings 
product containing less than 0.5% bitumen. However, from 5% 
to 10% of the feed was recovered as aggregates in a middling 
product which contained 10.5% bitumen. Typical results for 
hot water processing of a Sunnyside sample are presented in 
Table 5. Coefficients of separation are calculated based on a 
combined concentrate-middling product.
In all of the above experiments 30 minutes digestion time was 
used. In view of the middling stream produced, it was thought 
that a longer digestion time might minimize the production of 
this intermediate product. In order to test this hypothesis, a 
series of experiments at a diluent/bitumen volume ratio 0.2
lbs/ton of Tar Sand
Na2C03 ADDITION , M
Fig. 7—Quality of separation as a function of sodium carbo­
nate concentration for the Sunnyside sample at a 
diluent to bitumen volume ratio of 0.2.
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Fig. 8—Quality of separation and recovery of middling as a 
function of digestion time at 0.2 M sodium carbonate 
and a diluent to bitumen volume ratio of 0.2.
were performed for longer digestion times. Experimental results 
presented in Fig. 8, indicate that increased digestion beyond 30 
minutes causes the quality of separation (coefficient of 
separation) to increase slightly. In addition, the recovery of the 
middling stream shows a corresponding decrease. It appears 
that a 30 minute digestion time is reasonable. This middling 
stream which was not produced in the hot water processing of 
the Asphalt Ridge sample, will have to be redigested in order to 
effect bitumen recovery.
Effect of Diluent. Preliminary results with controlled addition 
of diluents, in which separation coefficients greater than 0.69 
were obtained, have encouraged further investigation in this 
area. In this regard, the effect of different diluent types on the 
separation coefficient was determined as a function of diluent 
to bitumen volume ratio. As can be observed from Fig. 9 toluene 
and No. 1 fuel oil are most effective when compared to the 
response obtained using kerosene. Tetraline, a hydrogen donor 
solvent, is not nearly as effective as the other diluents.
The diluent to bitumen volume ratio is critical from the 
processing standpoint. Even a low diluent to bitumen volume 
ratio of 0.01 has a significant effect on the separation coef­
ficient. However, a better separation is achieved at a higher 
diluent to bitumen volume ratio such as 0.2. Excessive diluent 
additions (volume ratios above 0.40) have a detrimental effect on 
the separation due to a tendency of the system to emulsify. Fur­
ther research in this area of diluent addition is comtemplated as 
a part of the future research program.
Product Characterization—Analysis of the products from the 
separation experiments provides further insight regarding the 
nature of the phase disengagement-displacement process.
Particle Size Analysis. The products in the hot water 
separation of the Sunnyside sample differ significantly from 
those that had been obtained in the hot water processing of the 
higher grade feed stocks. In the processing of the high grade 
Asphalt Ridge and P.R. Spring samples, essentially no middling 
product was obtained and the sand content of both the concen­
trate and the tailing consisted of free non-aggregated particles. 
Further, it was shown that sand was partitioned between the 
concentrate and tailing on the basis of size, i.e ., size 
classification occurred during the process sequence with the fine
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sand being preferentially recovered in the concentrate and the 
coarse sand being rejected in the tailing as shown in Fig. 10.
The character of these products should be contrasted to the 
products obtained in the hot water processing of the lower 
grade, Sunnyside sample at 0.3 M sodium carbonate addition 
and for a diluent to bitumen volume ratio of 0.2. A significant 
middling stream (~  10% of the feed) is produced consisting 
largely of aggregates which remain undigested during the 
processing sequence. The interparticle strength is such that the 
aggregates persist even after extraction of bitumen during 
Dean-Stark analysis. In addition, the aggregates can be iden­
tified in the feed, a phenomenon that was rarely observed in the 
Asphalt Ridge and P.R. Spring feed stocks. These aggregates 
have been separated from the feed and XRD analysis clearly 
shows the presence of calcite and dolomite which enhance the 
aggregate strength by acting as an interparticle cementing 
agent.
These results account for the lack of size classification during 
hot water processing of the Sunnyside sample. As can be seen in 
Fig. 11, the sand from the middling product has the coarsest size 
distribution, followed by the sand from the concentrate, and 
finally the sand from the tailing which has the finest size 
distribution and consists of essentially free, non aggregated par­
ticles, whereas the sand from the middling product consists 
almost exclusively of aggregates with very few free particles. As 
might be expected, no carbonate cementing compounds could 
be detected in the tailing product by XRD analysis.
These apparently anomalous results, for which no size 
classification is observed, indicate that sand is not transported to 
the concentrate by mechanical entrapment as appears to be the 
case for the Asphalt Ridge and P.R. Spring samples, but rather 
















DILUENT/BITUMEN RATIO , by volume
Fig. 9—Quality of separation for the Sunnyside sample as a 
function of diluent to bitumen volume ratio for differ­
ent types of diluent at 0.3 M sodium carbonate.
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ported to  the concentrate due to their partia l hydrophobicity. 
This hydrophobic character arises from  the residual bitum en 
which together w ith cem enting agents bond the sand particles 
together and  account for the aggregate ' s strength.
Bitumen Viscosity. It is clear from  the results of hot w ater 
processing o f the Sunnyside sam ple th a t d iluen t add ition  is 
necessary in order to achieve a better separation. T he addition 
of d iluent seems to  be an  ap p ro p ria te  strategy because the 
viscosity of the Sunnyside bitum en was found to be significantly 
higher than  the viscosities o f the A sphalt Ridge and  P .R . Spring 
samples as shown in Fig. 4. B itum en viscosity m easurem ents of 
the concentrate and  m iddling streams from the solvent-assisted 
hot w ater separa tion  of th e  Sunnyside sam ple su p p o rt the 
previous discussion regard ing  the presence and  behavior o f 
aggregates in  the Sunnyside feed stock. N ote in Fig. 12 th a t the 
bitumen associated w ith the m iddling  p roduct has the same 
viscosity as the b itu m en  from  th e  feed, in d ica tin g  th a t the 
diluent has had  no effect on the viscosity of the bitum en in  the 
middling stream , a result which is consistent with the obser­
vation tha t the m iddling consists of undigested, (apparently im ­
pervious) tightly bonded aggregates. O n the o ther hand , the 
bitumen associated with the concentrate product apparently  has 
dissolved the diluent and  as a result is an  order of m agnitude less 
viscous th a n  e ither the m idd ling  o r th e  feed b itu m en . In ­
terestingly, the viscosity of the b itum en from  the Sunnyside con­
centrate shown in Fig. 12 has a viscosity profile essentially the 
same as the viscosity profile for the A sphalt Ridge and  P .R . 
Spring feed stocks, bo th  of w hich can be processed w ithout 
diluent addition.
These results dem onstrate th a t for high viscosity feed stocks 
diluent additions are necessary to allow for effective digestion. 
Further, at least in  the case of the high viscosity Sunnyside sam ­
ple, the  ten ac io u s  in te rp a r tic le  b o n d in g  re su lts  in  th e  
stabilization of non-reactive aggregates which report to  the con­
centrate and  m iddling product accounting for the less efficient 
separation relative to th a t which had  been achieved with the 
Asphalt Ridge and  P .R . Spring samples.
Summary and Conclusions
Consideration of previous results and hypotheses (Sepulveda 
and Miller, 1978) regarding the phenomenological description 
of the phase disengagem ent-displacem ent process together with 
the results of this current study indicate th a t the criteria for an
Particle S ize, d (jim ) ■
Fig 10—Particle size distribution of the sand in the feed and 
products from a typical hot water separation of the 
Asphalt Ridge sample.
P artic le  Size , pm
Fig. 11—Particle size distribution of the sand in the feed and 
products from a typical hot water separation of the 
Sunnyside sample.
effec tive  s e p a ra tio n  re m a in  th e  sam e fo r th e  h o t w a te r 
processing of U tah ta r  sands. These criteria are:
•  H igh shear force field
•  A ppropriate level of wetting agent addition, and
•  H igh tem perature digestion
However, it appears the previous hypothesis (Sepulveda and  
Miller, 1978) th a t b itum en phase continuity (>  10 weight p e r­
cent bitum en) is required  for effective hot w ater separation m ust 
be dismissed. In  view of the results reported  in  this investigation 
it would seem th a t the correlation between bitum en content of 
the feed and the effectiveness of the separation is due to two 
m ajor factors:
•  Viscosity of the bitum en, and
•  Interfacial bonding between sand particles
For low g rade ta r  sands such as the Sunnyside sam ple, the 
bitum en viscosity is a t least an  order o f m agnitude greater than  
the b itum en viscosity for high grade ta r  sands such as Asphalt 
Ridge. In  addition, the low grade ta r  sands exhibit strong in te r­
particle bonding accounting for the presence of aggregates in 
the feed which m ain tain  their integrity during  digestion and 
subsequen t processing . T hese fac to rs  ex p la in  th e  in fe rio r 
separations ob tained  w ith the Sunnyside sam ple while m uch 
better separations are obtained with high grade samples. A t this 
p o in t it w ould  ap p e a r  th a t  th e  b itu m e n  viscosity an d  th e  
streng th  of the in terpartic le  bonding  m ay be re la ted  to  feed 
grade via the genesis of the deposit. T he insufficient bitum en 
content of the low grade m aterial results in  the form ation of 
strong in terpartic le  bonds d u ring  the rock form ing process, 
whereas high grade m aterial has sufficient b itum en between the 
sand particles to prevent this strong interparticle bonding and  as 
a resu lt fa c ilita te s  th e  phase  d isen g ag em en t-d isp lacem en t 
process in  the hot w ater separation of high grade samples.
T he conclusion regarding the im portance of b itum en viscosity 
is based on the necessity of adding diluents to  the Sunnyside feed 
for effective separations and the fact th a t the b itum en viscosities 
of the separation products (concentrate and  middling) reflect a 
m ark ed  d iffe rence  betw een  th a t  b itu m en  w hich h a d  been  
separated into the concentrate successfully and th a t bitum en 
which was not separated  successfully and  was recovered in  the 
m iddling. These results are contrasted  to the n a tu re  of the 
b itum en of the higher grade ta r  sands (Asphalt Ridge and  P. R. 
Spring) the viscosity of which is equivalent to  the viscosity of the 
diluted Sunnyside b itum en recovered in the concentrate.
T he im portance of interfacial bonding between sand particles 
has been dem onstrated in the case of the low grade Sunnyside 
sam ple by the iden tifica tion  of relatively strong  aggregates 
which report to  the m iddling product and  persist both  in  the 
feed and  in  the m iddling even after b itum en removal during
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Table 5— Hot Water Separation of Sunnyside Tar Sand
Experimental Conditions:
Digestion: Feed source: Sunnyside 
Wetting agent: Na2C03 
Temperature; 95°C
Diluent, (Toulene): Diluent/Bitumen volume ratio of .2
Percent solids: 73.5% by weight tar sands
Digestion time: 30 minutes
Na2C03 concentration: 0.2 Mole/liter
Feed size: Minus 4 mesh
Agitation: 750 rpm
Flotation: Cell design: Cylindrical
Percent solids: 20 weight percent tar sands 








Weight (%) Grade (%)
Bitumen Sand
28.49 30.41 69.58
66.08 ' 0.45 99.55
5.43 10.44 89.56
100.00 9.52 90.48
Coefficient of Separation = 0.E
Recovery (%)
analysis by the Dean-Stark technique. This phenomenon is 
revealed in the particle size analysis of the products of the hot 
water separation experiments. Further, it appears that some of 
the bonding strength of the aggregates arises due to cementation 
of the sand particles by calcareous compounds such as calcite 
and dolomite which were identified by XRD. Aggregates such as 
these were only rarely encountered in the processing of the 
Asphalt Ridge sample.
Even with this understanding and making the necessary 
provisions to improve the process, the quality of separation for 
the Sunnyside sample is still inferior to that which can be 
achieved for the Asphalt Ridge sample.
( 1/ T ) x 103 , °K-1
Fig. 12—Arrhenius-type plot illustrating the effect of temper­
ature on bitumen viscosity for products from hot 
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